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Abgract: The Conasauga River Watershed, located in northern Georgia and southern
Tennessee, has one of the most diverse aguatic ecosystems in this region and is currently being
consdered for desgnation as a wild and scenic river. The Conasauga River dso serves as a
mgor source of drinking water for numerous large cities. Due to the cdose proximity with the
cities of Knoxville, Atlanta, and Chattanooga, intensve public usage, and the high qudity of this
aquatic resource, the United States Department of Agriculture (USDA) Forest Service has
designated the Conasauga River as one of the twelve large-scale watershed restoration projects in
the nation. This is waranted as the Conasauga River is experiencing excessve sedimentation
from the eroson of private agricultura lands, streambanks, and forest roads. We are working
with an eroson modd, the Sediment Tool, to faclitate decisonrmeking in the redtoration of
forest roads. The sediment tool, and its parent mode the Watershed Characterization System
(WCS), were developed by the US Environmenta Protection Agency (EPA). The Sediment
Todl is a spatidly explict, GIS based, finite dement, lumped parameter modd which generates
estimates of soil eroson, sediment routing and sediment yidd. We applied WCS dong segments
of thirteen mountain roads in the Conasauga Weatershed.  The segments provide replication of
road types under a variety of usage levels, road base materids and dopes. We sampled overland
flow from each segment for tota suspended solids (TSS) and surveyed dl pertinent road
characterisics.  While we were able to quditatively cdibrate the model, predicted sediment
yields were typicaly much grester than obsarved data Modd results improved with digitd
elevation mode (DEM) and computational grid resolution. Error andyss indicated that mode
sengtivity is limited by the governing eguations within the modd and the resolution of the input
data The modd currently employs the univers soil loss equation (USLE) to edtimate soil
eroson and empirica sediment yidd equations to trangport sediment.  These empirica equations
were not developed for gpplication on aggregate road surfaces. DEM resolution will also present
problems in routing the sediment to streams. Streams in the study areas are only one two three
meters wide. Hoodplains adjacent to these streams are typicdly four or five meters wide and
frequently trap sediment-laden runoff before it reaches the streams. Current efforts to improve
upon the model include an adaptation of the process based Water Eroson Prediction Project
(WEPP) modd and attainment of finer resolution DEM data that will more accurately represent
the road surfaces.



INTRODUCTION

The Conasauga River Watershed, Figure 1, encompasses 1,870 square kilometers of the Blue
Ridge Ecosysem in northern Georgia and southeastern Tennessee.  This watershed hodis the
mogt diverse aquatic ecosystem of any river in this region and hosts over 90 species of fishes and
42 species of mussels (Freeman, e d, 1996). The Conasauga River adso serves as a source of
drinking water for the cities of Daton and Atlanta, GA and Clevdland and Chattanooga, TN.
Recregtiona usage of the Conasauga is intensgve. Thousands of annua vistors use it for
kayaking, canoeing, swimming, fishing, hunting, hiking, mountan dimbing, mountan biking,
svimming and camping.  Currently, water qudity and aguetic ecology of the Conasauga River
are auffering from excessve sedimentation caused by eroson of dreambanks, agricultura lands,
development, and gravel roads (Freeman, et a, 1996). Sediment eroded from gravel roads can
be amgor component of the sediment budget in Streamsin thisregion (Van Lear, et d, 1995).

The USDA Forest Service has desgnated the Conasauga River watershed as one of tweve
nationd watersheds targeted by the Large-scde Watershed Restoration Project.  This has
provided resources to protect and improve the qudity of land and water resources within the
Conasauga River Watershed. As pat of this project, the Forest Service is locaing and
addressing potentid impacts to the mountainous, headwater streams and the Conasauga River in
the national forest lands of the Chattahoochee and Cherokee Nationad Forests. Approximately
one hdf of the forest area is designated as a wilderness and provides water of exceptiond qudity
(lvey and Evans, 2000). However, sediment eroded from the forest roads traversng the
remaning forest lands could negatively impact the hedth and integrity of the aguatic ecosysems
(Henley, et d, 2000). The primary means to reduce runoff, eroson, and sedimentation caused by
foret roads is through the implementation of road improvement projects, best management
practices and, where necessary, closing roads.

RESEARCH DESCRIPTION

Due to limited resources, it is important that road improvement projects be prioritized. The
prioritization is based upon the severity of sediment eroson and transport, sediment impacts on
water quality, road usage levels and potentia effectiveness of redtoration.  Our god is to
determine the ability of a watershed scade eroson mode to assess sediment production, ddivery
to streams, and predict restoration effectiveness. To sidfy this god the modd must meet the
following objectives,

(1) provide an assessment of sediment production and ddlivery from forest roads,

(2) output must dlow users to quantify the effectiveness of road restoration for reducing
sediment production and delivery at local and watershed scales and

(3) the model must be a tool that can be used to locate and prioritize high hazard areas
and evduae changes in future sediment production and ddivery with the
implementation of road improvement projects.

The research presented here is limited to our investigation into the ability of the modd to meet
objective 1, its ability to assess sediment production and ddlivery from forest roads.
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Figure 1. Location of Conasauga watershed and study Sitesin the southern Appalachians.

Model  Description: The modding environment we employed is the Watershed
Characterization Sysem (WCS). WCS is an adaptation of the Environmenta Protection Agency
(EPA) ARCVIEWO based watershed data management system known as BASINS (EPA,
20018). WCS was developed by Region 4 of the EPA to facilitate the development of total
maximum daily loads (TMDLS) in the southesstern United Staies  Sediment is the primary
pollutant for which TMDLs are established consequently, the EPA developed a soil erosion and
trangport module for WCS cdled the Sediment Tool (Tetratech, Inc. and EPA, 2000). The
Sadiment Tool is an Avenued extenson that is cdled by ARCVIEW from within WCS. It is




gpatidly explicit, finite dement, lumped parameter modd that edtimates soil eroson, sediment
trangport and sediment yidd. Soil erosion is Smulated on a grid cdl basis with the USLE while
one of four user specified transport equations is used to tansport sediment from cell to cel. The
development, scientific bass, and background research leading to the creation of the Sediment
Tool have been reported by previous authors (Greenfidd, et a, 1997, McNulty and Sun, 1998;
McNulty, et a, 1994).

Site Description: The entire dudy dte is located in the Blue Ridge Mountains.  Bedrock in the
Blue Ridge bdt is primarily sedimentary and metamorphic.  Soils in the study area are largdy of
metamorphic cryddline bedrock origin.  The loamy mountan soils from gneiss mica-shig,
quartz and granitic bedrock are highly erodible when exposed (Van Lear, et d, 1995).

Climate and Hydrology: Elevation and teran dgrongly influence dimate, precipitation
patterns, soil depth, soil moisture, solar insolation and the naturd didtribution of vegetation.
High precipitation and mild temperatures place this region in the marine humid temperature
classfication of Koppen's climate sysem (Swift, et d, 1988). Average annud rainfal a upper
elevations is 230 cm per year while lower devations receive approximady 180 cm of ranfal
per year. Ridgdines and upper devation south facing dopes tend to be drier while dopes with
northern aspects are moist and cool (Van Lear, et d, 1995). Due to higher rainfal, shallower
oils and deeper hydraulic gradients, water yidds and dream flow response in this region
increase with watershed eevation (Swift, et d, 1988).

Land Use. While forest harvesing in this region began in the late 1800's, much of the
Conasauga Watershed was dill forested a the turn of the century. An inventory of land use in
1900 and 1901 indicated that the mountainous aress in the southern Appaachians were typicaly
forested with merchantable timber densties of 1,000 to 10,000 board feet per acre (Ayres and
Ashe, 1904). Forest harvesting increased greetly in the early 1900's and spread throughout the
entire region.  With the dearing of land, the converson of valey bottoms and riparian aress to
farming and grazing became widespread. Begnning in the 1920's, the mountainous headweters
regions of the Conasauga River were purchased by the federal government and incorporated into
Nationd Forests. These lands were reforested and have been continuoudy managed by the
Forest Service to the present day (Ivey and Evans, 2000).

METHODS

Fidd Work: During late summer, 2001, we instrumented 13 forest roads in the Conasauga
watershed with overland flow samplers. The road stes were sdlected to be representative of road
usage levels, surface types, dopes, types and severity of eroson, maintenance practices and
proximity to streams. At each dte we surveyed roadbed dope, contributing surface area,
disance between samplers, the dope dong transects between samplers and  roadbed
characteristics. These are summarized in Table 1. The usage intendty for each road is based
upon nationa forest road management and usage data. We categorized usage intensity as; closed
- offidd traffic only, horse trall; gated - seasond public access, dight - open, few vehicles per
day, no outlet; moderate - multiple vehicles, recregtion area access, intendve - nUMeErous
vehicles, thoroughfare access; ORV - off road vehicle recregtion trail.  The third column in Table
1 presents the typica maintenance schedule for each road. The number of samplers inddled at
eech dte is liged in column 4. The roadbed materids specified in the fifth column are native —



native soil; improved — native soil amended with aggregate; aggregete — full aggregate base. The
next two columns present the dope of the road that contributes runoff to each sampler and the
totd contributing area above each sampler. The last column is the edtimated runoff curve

number (RCN) for each road, as described in the data analysis section.

Site Name Usage Maint. Samplers | Roadbed Road Road | RCN

intendty | per Year Slope Area

(%0) (n?)
Horsetrall Closed 0 5 Native 3 441 87
Double culverts | Closed 0 4 Native 8 391 87
Doc Howell Gated 0-1 4 Native 2 502 89
Jgger Creek Gated 0-1 4 Native 13 90 89
Doogan Mtn Sight 2 3 Improved 11 334 91
Beach Bottom Sight 2 5 Improved 12 403 91
Cowpen Mtn Moderate 2 5 Aggregate 15 254 91
Three Forks Moderate 2 4 Adgregate 18 168 91
SinaBranch Moderate 2 4 Aggregate 15 316 91
Alaculsy Branch | Moderate 2 5 Aggregate 14 512 91
Double Branch Intensve 2-3 5 Aggregate 13 485 9
Taylor Branch Intendve 2-3 5 Aggregate 10 513 94
Rocky Fats ORV 5 Vaidle 13 217 94

Table 1. Study Site and road characterigtics.

Overland Flow Sampler Ingallation and Operation: The overland flow samplers employed
in this study are of custom design developed a the USDA Forest Service Coweeta Hydrologic
Laboratory. Each sampler conssts of three pieces, an intake, a hose, and a storage vessdl. The
intake is a danless sed trough with a 30cm x 10cm rectangular inlet orifice and a 10cm
diameter exit orifice. Each intake has a two-stage approach apron on the upstream side of the
inlet orifice. The first stage of the gpron is ingaled below grade and the second stage & inddled
a grade to direct flow into inlet orifice Hanges that prevent flow from circumventing the
sampler border the sdes of the inlet orifice. Water and sediment that enter the orifice flow by
gravity, through the outlet, through a flexible connecting hose and into an 18-liter storage vessd.
Each storage vessdl has an exhaust to alow air to be fredy displaced by entering water.

We inddled samplers during the firsd week of August, 2001. At each dte, samplers were
indaled adong a transect that began where overland flow left the road surface and ended where
flow terminated at a stream channd or infiltrated into the forest floor. Each transect conssted of
a serid aray of three to five individud flow samplers. We operated the samplers from mid
August, 2001 through early January, 2002 and checked them on a weekly basis to insure that
they were operating properly. The samplers were dso sarviced immediaidy following esch
ggnificant ranfdl event. This condsted of thoroughly mixing the collected water in the 18L
containers and extracting a one-liter sub sample of the sediment and water mixture.  The
samplers were then cleaned and prepared to collect samples from the next rain event. The sub
samples were analyzed for total suspended solids to 1.5 mm in accordance with the American
Public Hedlth Association standard methods for wastewater analyses (Franson, 1981).



Data Analyses. The TSS data obtained with the overland flow samplers and the annud erosion
estimates generated by WCS are not quantitatively amilar.  To make these data comparable, we
adjusted their spatid and tempora scales to uniform dimensions.  We multiplied TSS (g*n™) by
runoff depth (m) and contributing surface area (n?) to get loading in kg for each storm a each
sampler and summed these to obtain total yield for the sampling period. We usad the RCN
method and the depth of ranfal from each sorm to compute depth of runoff and as given in
USDA (1986).

We reduced the tempora scale of the soil eroson estimates from an annua soil loss to thet of the
four months corresponding to our overland flow-sampling period, August 15 — January 15, 2001.
We did this by using the bi-weekly erosvity factors (USDA, 1997) to partition out the fraction of
the annua erogivity corresponding to our sampling period (EPA, 2001b).

Modding: WCS is digributed on an 8 digit Hydrologic Unit basis by Region 4 of the EPA for
the states of Alabama, Florida, Georgia, Kentucky, Missssppi, North Caroling, South Carolina,
and Tennessee. These data are very gmilar to the 8 digit hydrologic unit code (HUC) data
digributed with the EPA mode, BASINS. Consequently, their resolution is fairly coarse. The
data relevant to this study include the USGS one degree DEMs (90m resolution), USGS 8digit
HUCs, USGS level 3 streams (1:24,000 scale), NRCS STATSGO soils data, Tiger roads data,
and climate dation network. We augmented these with additiond data to improve data qudity
and resolution. We obtained 30m and 10m DEMSs for the study ste, ieplaced the Tiger roads
data with roads data from the USDA, Forest Service. These data are part of the nationa forest
database and have full attributes including length, usage, maintenance, road base type, vehicle
type and jurisdiction. While SSURGO data for the study area were not available, we updated the
STATSGO data to reflect the existence of the forest roads. We did this by buffering the forest
roads coverage to the road widths and intersecting the road buffers with the STATSGO soils
database. Within the soils attribute table, we crested new soil types for the improved and
aggregate road bases. We determined the erodibility vaues for these types usng RUSLE to
compute the K factor for the observed road surface characteristics (USDA, 1997).

Calibration: In the beginning of this study, we quditatively caibrated WCS to each road ste.

For the initid runs of WCS, we employed USLE C factors for gravel roads published by the
USDA (1976, p. 70). During sampler ingtdlation, we rated each Ste on a scale of O to 4 based
upon the severity and types of road erosion, Table 2. We then adjusted the C factor for each site
so that the predicted categories best matched those observed.

Erosion Standard deviations from the observed or Description
Scae predicted mean erosion rate
0 Lessthan -1 Below average
1 1to-1 Average
2 lto2 Slightly above average
3 2to4 Hi gh
4 Greater than 5 Extreme

Table 2. Qualitative road erosion categories for caibration of WCS.



RESULTS

In Table 3, we present the observed and predicted sediment yield data for each road segment in
our study. These values are totds the period of sampler operation, August 15" — January 15
Observed sediment yied data are presented in the second column.  The remaning columns
present the predicted sediment yield data for each study road as a function of DEM resolution
and computational resolution.  The last rows present the results of regressng the predicted
sediment yields on the observed yidd. All of the regressions are significant (p < 0.01).

Road Name Obs_erved 90m DEM 30m DEM 10m DEM
Yied 30m 10m 30m 10m 5m 10m 5m

Horse Trail 0.75 4.5 2.7 64 95 100 21 18
Double Culverts 1.07 11 68 77 160 300 45 24
Doc Howell 0.07 4.1 23 53 110 170 5.1 2.2
Jgger Creek 0.08 5.6 3.0 27 1.2 2.5 7.6 2.5
Doogan Mtn 0.93 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Beach Bottom 0.24 18 13 0.0 0.0 0.0 0.0 0.0
Cowpen Mtn 1.75 5.0 8.1 49 93 54 15 9.3
Three Forks 2.94 22 62 260 780 1050

SinaBranch 0.09 1.1 6.0 37 0.0 0.0 0.0 0.0
Alaculsy 0.37 5.1 2.0 59 61 190 2.3 0.3
Double Branch 1.22 0.0 0.0 530 0.0 0.0

Taylor Branch 0.36 3.9 9.9 12 22 45 1.9 2.0
Rocky Flats 3.13 9.8 19 41 110 270 30 67.3
Mean 1.00 6.95| 16.65| 92.74| 10952 | 167.02 | 11.67 | 11.43
Intercept 4.03 7.06 47.6 -17.2 -13.7| 3.89 -3.97
Slope 2.92 9.59 45 127 181 | 9.69 19.2
Deg. of Freedom 11 11 11 11 11 9 9
r 0.20 0.19 0.10 0.40 043| 0.37 0.78
Se [ 6.3 21 140 170 220 12 10

Table 3: Observed sediment yield (kg/ha) from overland flow samplers and predicted sediment
yidd (kg/ha) for each road plot. Predicted data are grouped by digita eevation modd (DEM)
resolution and computationd resolution Cdls with an “X” correspond to Sites where 10m DEM
data were not available at the time of this study. All regressons are Sgnificant (p < 0.01).

The intercepts indicate that the WCS Sediment Tool generdly overestimates sediment yield with
the coarser DEM data.  As resolution increases, the intercepts approach zero. The dopes of the
regressons indicate that WCS over predicts sediment yidd and this eror increases with
observed rates of sediment yield. The estimates of sediment yield obtained with the combination
of 10m DEM daa and a 5m computational grid best fit the observed data (Figure 2). In this
figure, the regression line is much steeper than the predicted = observed line.  The Rocky Hats
ORV tral dte labded as “Influentid Point”, is ggnificantly influencing the regresson (p =
0.00035). However, this point does not appear to be an outlier in this or the other regressons.
Also, numerous sediment yield estimates for the Doogan Mountain, Beach Bottom, Sina Branch
and Double Branch dtes are zero while the eroson estimates were not zero. This indicates that
while WCS predicted that eroson would occur on these Stes, it predicted that the eroded
sediment would be deposited before reaching the samplers.  Sediment yield was observed at



these dtes indicating that the sediment transport functions underestimated sediment transport in
these aress.
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Figure 2. Linear regresson of sediment yidd predicted from 10m DEM daa and a 5m
computationd grid againgt observed sediment yield.

In Figure 3, we have regressed the absolute value of the residuals”? against observed yield. The
resduds are dependent upon observed sediment yidd (p<0.01), increasng with sediment yield
from the study roads.

| residuals | Y2
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Figure 3: |Residuas’? regressed on observed yidd. Transformation of residuds to the %2 power
was necessary to remove nonlinearity in the resduds. The resduads ae dependent upon
observed yield (p < 0.01).



As this dependence is based upon a transformation of the resduds to the Y2 power (2
dimensona to 1 dimensond transformation), we suspect that the error might be a propagation
of spatial scale and data resolution influences through the modd.  We repeated this regression,
replacing observed yield with road area (Table 1) as the independent varigble. The resduds are
independent of road area indicating that the error is not a function of the contributing area
upstream of each sampler.

The influences of DEM resolution and computational grid resolution on spatid accuracy of the
modd areillustrated in Figure 4. In thisfigure, we have plotted road and stream datafor a
variety of DEM and computationd grid resolution combinations. Exigting roads and streams are
superimposed with the road erosion and stream grids created by the WCS Sediment Tool. The
road grid generally matches the road coverage well because it was created from the road
coverage. The accuracy of the stream grid is dependent upon the DEM and computationa grid
resolution. While none of the resolution combinations perfectly match the mapped streams and
roads, accuracy increases with resolution. The spatid extent and severity of road eroson
generdly decrease with increesing DEM and computationd grid resolution. In Table 3, the
standard error of the estimate (Se ) is lowest for the highest DEM and computationd resolution.

DISCUSSION AND CONCLUSIONS

We were able to qualitatively cdibrate the modd to observed eroson conditions. However, the
WCS Sediment Tool overestimates sediment yield from forest roads. While accuracy did
increase with the use of finer DEMs and computationd grids, the predicted sediment yieds were
biased and error increased non-linearly with observed eroson rates. We found that the 90m and
30m resolutions of commonly avalable DEMs were too coarse to provide religble predictions of
sediment yield from forest roads.

With a pefect modd, predicted results will exactly maich observed results dong a linear
function, dope = 1 and intercept = 0. The error we observed in our resduas is nontlinear with
respect to observed sediment yidds. There are two likely sources for this error.  Fird, the
sediment routing equations in the WCS sediment tool are non-linear. Thus, error or bias that
would propagate through these equations would become nortlinear. Second, sediment routing
predicted & a point (kg) is essentidly one-dimensond while eroson is predicted over a two-
dimensond watershed space (kg/h@). Thus, eroson estimae error propagating from 2
dimensiond spaceinto the 1 dimensional transport space will increase by afactor of 2,

Gadiner and Meyer (2001) reported dmilar results in their invedtigaion into the role of
modeling resolution on the accuracy of predicted rates of eroson and sediment transport in the
nearby Little Tennessee River watershed. Given vaious data and modding resolutions, the
accurecy of ther sediment yidd predictions was nontlinearly dependent upon their sediment
yiddd model. There are two important differences that must be noted. First, Gardiner and Meyer
were working with a 966 kn? watershed whereas our study areas are six orders of magnitude
gndler.  Secondly, Gadiner and Meyer used eroson and yidd results from ther finest
resolution modding as the standard to which they compared the coarser resolution model results
whereas we used observed data Despite these differences, it is clear that sediment yield
predictions resulting from the gpplication of the USLE in afinite eement modd are srongly
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dependent upon data and dement resolution. Van Rompay, & d (2001) cites numerous
examples of the application of these types of modes with coarse resolution data.  In practice, a
frequent judification given for usng coarse daa in these types of modds is that usng coarse
data over large areas will compensate for errors due to input data resolution. Results here
indicate that this was not true for our study.

While not addressed in this study, our results suggest that DEM and computationd grid
resolution could dso be important in routing sediment to streams because streams in the study
aress are only one to three meters wide. Floodplains adjacent to these sireams are typicaly four
or five meters wide. Modding with reatively coarse DEMs will dlow sediment-laden runoff to
reach stream grid cdls rather than sdtling it on floodplains.  This is very important because one
of the most common BMPs for forest roads is inducing sedimentation of road runoff by diverting
it to flat areas adjacent to the roads.
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